We present an equilibrium model for quantifying the effect of glycocalyx in mediating the interaction of functionalized nanocarriers with endothelial cells. In this model, nanocarrier adhesion is governed by the interplay between three physical parameters, namely, glycocalyx resistance, flexural rigidity of receptors, and receptor-ligand bond-stiffness. We describe a procedure to rationally determine the values of these crucial parameters based on several independent (single molecule and cell-based) characterizing experiments. Using our model and independent derivation of the parameter values in conjunction with Monte Carlo simulations, we describe the binding of nanocarriers to endothelial cells at equilibrium. We show that we can quantitatively reproduce the experimental binding affinities with zero fitting to binding data. Additionally, our simulations provide quantitative descriptions for the multivalency in nanocarrier binding, as well as for the degree of clustering of antigens. Our study identifies two interesting parameters: glycocalyx resistance and antigen flexural rigidity both of which reduce binding of nanocarriers and alter the sensitivity of the nanocarrier binding constant to changes in temperature. Collectively, our model, parameter estimations, simulations, and sensitivity analyses help provide unified molecular and energetic analyses of the nanocarrier binding process.
INTRODUCTION
Targeted drug delivery using functionalized nanocarriers offers many benefits lacking in conventional drug delivery systems, among which are improved efficacy and reduced toxicity 1 . Of many available technologies, targeting of therapeutic agents to the endothelial cells via specific receptor-mediated adhesion (such as through intercellular adhesion molecule-1 or ICAM-1), leads to enrichment of specificity 2, 3 . Several models have been proposed for the treatment of receptor-mediated adhesion of cells [4] [5] [6] [7] . These models typically include the effects of receptor-ligand interaction strength, receptor and ligand densities, arrest/mobility of receptors/ligands on their respective surfaces, effects of membrane-mediated adhesion, etc., and have been successfully applied to neutrophil adhesion under uniform shear flow conditions 6 . Pioneering work by Bell 4, 5 on cell-cell adhesion laid the basic framework for much of the subsequent work in this field. In the Bell model, the specific attraction due to receptor-ligand bond formation is considered as a function of bondlength. Subsequent work by Hammer [6] [7] [8] on the simulation of the adhesive behavior of neutrophil (treated as rigid spheres), with randomly distributed receptors, in near contact with a planar endothelium under shear flow, identified several regimes of rolling and arrest behavior of neutrophil and delineated a state diagram. Following this body of work, we focus here on developing a physically-based coarse-grained model for accurate in silico predictions of functionalized nanocarriers binding to endothelial cells cultured in vitro. We propose a viable procedure for integrating a large number of system parameters that affect the binding process including the effect of the endothelial glycocalyx layer representing a thermodynamic barrier to the nanocarrier adhesion, which thus far, has not been considered in prior works.
Glycocalyx is a carbohydrate-rich zone on the cell exterior, mainly consisting of glycoproteins and proteoglycans 9, 10 . Its presence on the endothelial cell surface has been shown to have an effect on the binding of nanocarriers. Although models are available to represent mechanical properties of glycocalyx 11, 12 , to our knowledge, a thermodynamic model which quantitatively predicts the effect of glycocalyx on nanocarrier binding is not available. However, in vivo experimental data of Mulivor 13 strongly suggests that the (partial) removal of glycocalyx by enzymatic (heparinase-mediated) degradation strongly influences nanocarrier binding 13 . In this study, the authors infused the femoral vein of rat with a rat anti-ICAM-1 functionalized nanocarrier solution. To mimic the effect of glycocalyx removal, the venules were perfused with the heparinase enzyme solution. The authors recorded the transient number of bound nanocarriers using fluorescence microscopy in presence and absence of glycocalyx and observed that the removal of glycocalyx increases the number of bound nanocarriers by at least two-fold (see Figure 2 ). These studies highlight the importance of considering the contributions of the glycocalyx layer in constructing an accurate model for nanocarrier binding.
In this work, we consider three physical parameters, namely, glycocalyx resistance, flexural rigidity of receptors, and receptor-ligand bond-stiffness, in mediating nanocarrier adhesion to endothelial cells and strive to construct a microscopic model capturing these important physical characteristics (see our schematic in Figure  1 ). We develop rigorous procedures to estimate the parameter values of our model using independent experimental results reported in the literature, thus adopting a zero-fit approach. We then subject our model and simulation results to a rigorous test by comparing the predicted theoretical results with experimental results reported recently by Muro et. al. for the nanocarrier binding affinity to endothelial cells 14 . These authors investigated anti-ICAM (R6.5) functionalized polystyrene nanocarriers binding to HUVEC (human umbilical vein endothelial cells) at 4 0 C under the conditions of cell fixation as well as stimulation by TNF-α. Finally, we provide results for parameter sensitivity in order to assess the role and importance of some key physical model parameters in governing the nanocarrier binding characteristics.
MODELS AND METHODS

Models
A schematic of our microscopic model for nanocarrier binding to endothelial cell is depicted in Figure 1 . The largest length-scale considered in our model is that of the cell surface (∼µm). In contrast, the relevant lengthscale for interaction between proteins and ligands is ∼10 nm. The 2-orders of magnitude separation in lengthscale forbids us to employ an atomistically detailed description for our system and warrants the use of coarsegrained models and simplifying assumptions.
Following the work of Hammer et. al. 7, 8 , we approximate the confluent endothelial cell surface by a planar non-deformable surface (a possible procedure for relaxing this assumption is given in section 4), while the polystyrene nanocarriers employed in the experiments of Muro 14 are modeled as rigid (hard) spheres. The nanocarrier is functionalized using antibodies specific to target antigens on the cell surface. Specifically, we consider the R6.5 antibody specific for ICAM-1 antigens in order to compare our model predictions with experiments 14 performed on the same system. In our model, the antibodies are distributed randomly, i.e. in random orientation at random positions, consistent with the experimental hydrophobic association protocol of Muro et al.
14 used to functionalize the nanocarrier surface (see Fig. 1 ). The antigens are in a vertical orientation (i.e. perpendicular to the cell surface) in their minimum energy configuration when unbound, and distributed randomly on the planar cell surface. Antigen flexure about this minimum energy configuration is also accounted for in our model, (see below).
Antigen-Antibody Interaction:
In our model, the antigen-antibody bond-energy depends on the bond-length as well as the bond-orientation. For the dependence of reaction free energy on the bond-length, the Bell model 5 is employed, according to which the binding free energy ∆G is a quadratic function of the bond-length L with a minimum at the equilibrium value of the bond length σ, i.e.
(1) Here, ∆G(σ) is the free energy of the reaction when the bond is at the equilibrium separation, σ. ∆G(L) is the free energy of reaction at bond length L, and k is the bond stiffness constant or bond spring constant.
Antigen Flexure: Flexure of antigens from their equilibrium upright position on the cell surface leads to an orientational dependence of the bond-energy. Considering small flexures, we model each antigen as a cantilever, and thus its contribution to the bond-energy ∆G due to flexure is equal to (2EI/L 3 )y L 2 (see Appendix A1), where y L is the difference in the vertical distance of the tip of the bent antigen and that of an upright antigen, EI is the flexural rigidity (defined as the product of the Young's modulus E and the moment of inertia I), and L is the length of the antigen. Antibody flexure is not considered in our model.
Weinbaum et. al. 12 estimate the flexural rigidity EI for a glycoprotein to be 700 pN-nm 2 , i.e. 7×10 -28 N-m 2 . By using this value for EI along with the length of ICAM-1 (L=19 nm 15 inferred from electron microscopic study), we calculated the bending energy for ICAM-1 for small deflections:
U y is in joule and L y is in meter; L y is the distance of the tip from its equilibrium position.
Glycocalyx Resistance: As the nanocarrier approaches the cell surface, it encounters resistance due to the presence of the glycocalyx layer (see Figure 1) . Based on the biophysical characterization data of Squire et al. 16 , we assume a height of 100 nm for the glycocalyx layer. The resistance offered by the glycocalyx layer, in general, comprises of a combination of osmotic pressure (desolvation or squeezing out of water), electrostatic repulsion, steric repulsion between the nanocarrier and the glycoprotein chains of the glycocalyx, and entropic forces due to conformational restrictions imposed on the confined glycoprotein chains. We lump these effects into a single term of mechanical resistance due to glycocalyx by assuming a harmonic potential of the form ½k glyx H 2 per unit differential area, where 'H' is the penetration depth of the nanocarrier into the glycocalyx. Here, k glyx can be regarded as an effective stiffness constant per unit area that effectively incorporates the molecular interactions described above. This additional resistance enters into thermodynamic considerations in calculating the Gibbs free energy change of binding. Specifically, for the binding of the nanocarrier to the cell, we get:
where, ∆G(0) is the free energy of the system when no glycocalyx is present on endothelial cells, and the integration is over the area of nanocarrier that is immersed in the glycocalyx.
Parameter Estimation
Based on the experiments of Muro 14 for free R6.5 (antibody) binding to free ICAM-1, ∆G(σ) is estimated to be -7.9×10 -20 J/molecule at 4 0 C. Consistent with the reported trend from the investigation of the temperature effects on the thermodynamic interaction between hen egg white lysozyme and Fab D1.3 antibody in a solvated environment for the temperature range 278 to 313 K by Zeder-Lutz 17 , we assume that ∆G(σ) of the reaction is temperature-independent. In our model, the bond-spring constant k, and the equilibrium bond length σ, are also taken to be temperature independent (see section 3.3 for further comment on these assumptions). We calculate k glyx based on the in vivo experimental data of Mulivor (described in the introduction) 13 : assuming that the nanocarrier binding is a second order reaction with respect to free nanocarriers and free antigens, and unbinding is a first order reaction for the bound-complex, we have shown in Appendix A2 that the concentration of bound nanocarriers as a function of time, C(t), is given by:
Here, k f and k r are the forward and reverse rate constants, respectively, B is the concentration of free nanocarriers in solution, and C max is the maximum concentration of nanocarriers that can bind to the cellsurface. By importing the values of B and C max from the experiments of Mulivor et al., we regress k f and k r to fit the expression in Eq. (3) to the experimental data in Ref. 13 , both in the presence of and in the absence of the glycocalyx, (see Figure 2 and Appendix A2). Using the inferred values of k f and k r , we compute the equilibrium constant K in the presence and in the absence of glycocalyx. The difference between k B TlnK in the presence and absence of glycocalyx yields the change in the reaction free energy due to glycocalyx, i.e., ∆G(H)−∆G(0), in Eq. (2) . The value of the glycocalyx spring constant k glyx (reported in Table 1 ) is then determined from Eq. (2), see also Appendix A2.
Following Evans and Ritchie 18 , we derive the dependence of the antigen-antibody bond rupture force f (described by the Bell model 5 ) on force-loading rate r f as given by:
where, k 0 is the unstressed bond-dissociation rate and k is the bond-spring constant. Fitting the above expression to the force-spectroscopy data of Moy et. al. 19 gives k 0 and k, (see Appendix A3).
Monte Carlo Protocol
A stochastic scheme based on the Metropolis Monte Carlo method 20 is developed for simulating the antibody (R6.5) functionalized nanocarrier binding to endothelial cells expressing antigens (ICAM-1) on the surface based on our model depicted in Figure 1 . Periodic boundary conditions are enforced along the cell surface and impenetrable boundaries are enforced in a direction normal to the cell surface. The choice of boundary conditions is chosen for computational convenience and is not expected to impact the results with any significance. A summary of the system parameters is provided in Table 1 .
Steric interactions between nanocarriers and antigens are considered through hardcore potentials (i.e., they are treated as hardspheres and hardrods, respectively). This simplifies our treatment of multicarrier simulations without introducing any significant artifacts because the density of nanocarriers and of the surface antigens are still significantly low and surface coverages we explore in our simulations (and in the experiments) are very much in the dilute limit so that interparticle interactions are not important. Still, it may be worthwhile to investigate the sensitivity of our results to the short-range potential of protein-protein interaction. This can be accomplished by calculating the potential of mean force between two membrane-bound antigens using atomistic or coarse-grained molecular dynamics simulations and to incorporate the effects of van der Waals, electrostatics, and hydrogen bond interactions, explicitly.
During each step of the Monte Carlo simulation, (which is based on the Metropolis algorithm 20 ), one of the following actions are attempted to generate new system configurations for the nanocarrier or the surface antigen: a nanocarrier is randomly selected and it either rotated or translated by a randomly chosen extent along a randomly chosen direction. If antigen diffusion is allowed in our model, then a randomly selected antigen is translated (on the cell-surface) by a random extent. The new system configuration is accepted with a probability:
, where k B is the Boltzmann constant, T is the temperature in Kelvin scale, U new and U old are the potential energies of the new and old configurations, respectively, and the min operator selects minimum of the two values. The energy, U arises due to the hardsphere potential term or the glycocalyx resistance term. Whenever an antibody reaches within the bonding distance of an antigen, an additional step of bond-formation or bond-breakage is considered. A bond is formed between a randomly selected antigen and antibody within the bonding distance with a probability: min[1, exp(-∆G/k B T)]. If the selected antigen and antibody pair is already bonded, then the bond is broken with a probability: min[1, exp(∆G/k B T)], where, ∆G is the change in energy due to formation of bond at given length and orientation . These calculations are performed 500 million times to ensure that properties such as total energy and multivalency converge. The results are reported here as an average over four independent simulations, each with 0.5 billion Monte Carlo steps. The error bars are reported as the standard deviation resulting from the four independent simulation runs.
RESULTS
Model Predictions and Comparison with Experiment
We perform simulations of nanocarrier adhesion to endothelial cells to make contact with the experimental work of Muro et. al. 14 . Consistent with their report, we choose the antigen density value of 1.6×10 6 antigens per endothelial cell. However, in converting this value to surface density of antigens in units of antigens/µm 2 , we consider the uncertainty in the reported endothelial cell surface-area 21 , namely, 800 to 2500 µm 2 per cell. We present our results for the two extreme values of the resulting antigen surface densities: 2000 and 640 antigens/µm 2 . Our results from simulations performed at 4 0 C for the case of the antigens not allowed to diffuse on the cell surface (to mimic the scenario in fixed cells) are reported in Table 2 in which the multivalency calculated as the average number of antigen-antibody bonds formed per bound nanocarrier and the average binding energy of the nanocarrier binding are reported. For the range antigen and antibody densities we consider there is on an average two bonds per attached nanocarrier. However, owing to the bond-stretching the (negative) binding free energy of the nanocarrier (-14.5 to -16.7 kcal/mol) is considerably greater than -23 kcal/mol, which is twice the equilibrium binding free energy of the antigen-antibody interaction, (see Table 1 ). Using a Scatchard analysis of the experimental binding data 14 , Muro et al. report an equilibrium dissociation constant K D =77 pM for nanocarrier adhesion. This experimentally determined value of the binding affinity amounts to an equilibrium binding free energy of ∆G= −12.82 kcal/mol, here we have used the relationship, K D =exp(∆G/k B T). Considering that our modeling results of the binding energy are obtained without direct fitting to nanocarrier binding data, we conclude that the agreement between simulations (Table 2 ) and experiment (−12.82 kcal/mol) is very favorable.
In order to consider the effect of surface diffusion of antigens on nanocarrier binding, we also performed simulations allowing the antigens to diffuse (Table 3) . Not surprisingly, we find that allowing the surface antigens to diffuse in our simulations leads to increases in the multivalency as well as the binding affinity (i.e., a corresponding decrease in the negative binding energy) of nanocarrier binding, see Figures 3 and 4 . In order to further establish the relationship between diffusing surface antigens and enhanced multivalency/binding energy, we map the in-plane 2-dimensional radial distribution function 20 related to the spatial distribution of surface antigens in our simulations in Figure 5 . The radial distribution function is defined as the probability of finding two antigens at a given separation relative to the same probability if the antigens were completely randomly distributed. At a given separation, the radial distribution function value of greater than one indicates clustering of antigens at that separation. As evident from Figure 5 , the ICAM-1 antigens cluster within a separation of 50 nm, which corresponds to the size (radius) of the nanocarriers. Moreover, as evident from the comparison of the radial distribution function plots in the presence and absence of the nanocarrier, the ICAM-1 clustering is clearly mediated by nanocarrier adhesion. These observations establish that the enhancement of multivalency and reduction of binding energy associated with the bound nanocarrier due to the diffusion of surface antigens is clearly mediated by antigen clustering.
Parameter Sensitivity to Model Predictions
In order to dissect the effect/sensitivity of the various physical components in our model on the binding characteristics of nanocarriers, we have performed additional simulations by varying key parameters, namely the bond stiffness constant and the flexural rigidity, over a range of 3 orders of magnitude. We report our results of this sensitivity analysis both in the presence and in the absence of glycocalyx in Figures 6 and 7 . The effect of increasing the bond-stiffness constant ( Figure 6 ) is to decrease the multivalency and increase the (negative) binding energy of nanocarriers (at a rate that is steeper than a linear dependence). The presence of glycocalyx does not affect the multivalency but increases the binding energy. Interestingly, the difference in binding energy with and without glycocalyx is constant for all values of the bond-stiffness constants explored. The effect of varying the flexural rigidity on the multivalency and binding energy is similar to that we observe for the effect of the bond-stiffness constant (compare Figures 6 and 7) : i.e., multivalency decreases and binding energy increases with increasing flexural rigidity and the presence of glycocalyx does not affect the multivalency but increases the binding energy for each value of the flexural rigidity. Again, the difference in the binding energy in the absence and presence of the glycocalyx is constant to a statistical significance for all values of the flexural rigidity we have explored. The dependence of the binding characteristics on the two parameters (namely the bond-stiffness constant and the flexural rigidity) we have uncovered provides new insight into the molecular parameters governing nanocarrier binding and establishes that these parameters act independently of the glycocalyx in mediating the binding equilibrium.
Role of Glycocalyx in Mediating Temperature Effects of Nanocarrier Binding
At equilibrium, the change in the Gibbs free energy of a process is related to its dissociation constant by the relationship,
In our model (see section 2.2 for a rationale), ∆G is temperature independent ‡ and hence,
: this expression indicates that the magnitude and sign of G ∆ determines the dependence of ln D K with temperature. Since G ∆ is usually a negative quantity for receptor-ligand interactions (with the exception of some active processes requiring metabolism 22 ), the binding decreases with increasing temperature. In the mean-field limit (approximation) 23 for binding of nanocarriers, the overall free energy change can be represented as additive contributions of several terms: By carrying out simulations of binding at different T, we observe the expected effect of increase in the equilibrium dissociation constant with increase in temperature (Table 4) . Intriguingly, we predict that this increase in the equilibrium dissociation constant of the nanocarrier with increase in temperature gets smaller with increase in glycocalyx resistance (see Table 4 and Figure 8 ). However, with respect to quantitatively capturing the temperature dependence in our model, we issue the following cautionary note: even though, we have developed rational procedures for estimating the key parameters of our model there is in general a need for more characterizing biophysical experiments to relieve the additional assumptions we have made, especially with respect to temperature dependence. For example, in our current model, the receptor-ligand complex bond spring constant is assumed to be temperature independent due to the lack of any supporting experimental data. Single molecule AFM experiments conducted over a limited temperature range suggests temperature softening of proteins 24 , however, similar studies on protein-protein complexes are not yet available. In the future, such experiments would furbish the requisite temperature corrections to the bond-spring constant. Similarly, there is a growing need for independent characterizing biophysical experiments on antigen flexure and glycocalyx resistance for a enhancing the accuracy predictions relating to temperature effects.
DISCUSSION AND CONCLUSIONS
We describe an equilibrium model (Figure 1 ) for quantifying the effect of glycocalyx in mediating the interaction of functionalized nanocarriers with endothelial cells. Rather than fitting model parameters to ‡ We note that in traditional thermochemistry of gas and aqueous phase reactions, we substitute G H T S ∆ = ∆ − ∆ and assume that ∆H and ∆S are temperature independent, to get ( )
However, in biomolecular reactions, these assumptions may not be generally valid due to a coupling of conformational and chemical degrees of freedom, and due to competing solvation and hydrophobic effects.
reproduce experimental binding data of nanocarriers to cells, we have described several new strategies (Appendices A2, A3, Figure 2 , and Table A3-1) for a rational parameter estimation based on independent (single molecule and cell-based) characterizing experiments reported in the literature. This rational approach enables us to not only predict experimental binding constants of nanocarriers to endothelial cells without directly fitting to the binding data ( Figures 3,4 ,6,7 and Tables 2,3 ), but also enables us to transfer the parameter values across similar systems.
We have shown that we can quantitatively reproduce the experimental binding affinities in a regime where the multivalency of nanocarrier is small (~2). The favorable agreement between simulations and experiment also validates our simplifying assumptions, however, we note that experiments under which high multivalency of nanocarriers (e.g., by increasing antibody density on the nanocarrier surface, or by replacing rigid nanocarriers by filomicelles) would provide a more rigorous test for our model assumptions, for a recent review, see Kane 25 . Our simulations provide quantitative descriptions for the multivalency in nanocarrier binding (Figures 3,6,7) , as well as for the degree of clustering of antigens ( Figure 5 ). Such a clustering of antigens is also suggested based on indirect inferences by Muro et. al. 26 in their experiments of nanocarrier adhesion to live endothelial cells. A more direct experimental validation of the clustering of ICAM-1 may be obtained via fluorescent labeling and fluorescence microscopy. Our study also identifies two interesting parameters (see further discussion below): glycocalyx resistance and antigen flexural rigidity, both of which reduce binding of nanocarriers and alter the sensitivity of the nanocarrier binding constant to changes in temperature. Both these parameters are physical and can be controlled experimentally: properties of the glycocalyx can be altered either by controlled cross-linking or by controlled enzymatic (heparinase) degradation, while the flexural rigidity of the antigens can be re-engineered by designing suitable mutant receptors. We suggest that for studying the effects of temperature on nanocarrier binding and testing our predictions in Table 4 , the ideal experimental setup nanocarriers binding to fixed cells in vitro with arrested endocytosis between 4 and 37°C. These, used in combination with experiments using engineered systems to alter glycocalyx properties can directly validate our model predictions in Table 4 and Figure 8 with respect to the role of glycocalyx in altering the temperature dependence of nanocarrier binding to cells. A similar approach can be used to study the effect of antigen flexure on the temperature dependence of nanocarrier binding.
The interplay between different molecular and physical parameters often makes the results of biological experiments (such as nanocarrier binding to cells) difficult to analyze. By using our model, we have identified and dissected the effect of various parameters on the system's equilibrium behavior. The role of bond spring constant on carrier-binding to cells has been recognized by several researchers starting from the pioneering works of Bell 4, 5, 7, 8 . Our study here identifies two interesting new parameters, namely, glycocalyx resistance and antigen flexural rigidity, which are also important determinants of nanocarrier binding. The presence of glycocalyx effectively increases the binding free energy by repelling nanocarrier away from the endothelium surface without affecting the multivalency for binding. This conclusion is unaltered for the entire range of bond stiffness and flexural rigidities we have explored in our simulations (Figures 6,7) . For this reason, the contribution from the glycocalyx is independent and uncorrelated from those due to the other parameters such as bond stiffness and flexural rigidity. We note that apart from this thermodynamic contribution, the presence of the glycocalyx significantly introduces several kinetic and hydrodynamic effects thereby likely altering the transient characteristics of nanocarrier binding which we have not considered here; for a brief review, see Weinbaum et al. 12 .
The effect of antigen flexure can be understood by considering two competing effects: (1) antigen flexural rigidity reduces nanocarrier binding by effectively increasing the binding free energy (by an amount equal to the average strain energy due to flexure) in comparison to a freely flexing antigen. We note that the binding free energy is a negative quantity and an increase implies less binding. (2) However, in comparison to a rigid antigen, a flexing antigen allows for a better exploration of the conformational space and enhances multivalency. The net effect is an increase in binding affinity due an enhancement in the average number of receptor-ligand bonds. For the range of parameters we have explored, we find that upon increasing the flexural rigidity, the proportion by which the multivalency decreases translates quantitatively into the proportion by which the corresponding binding free energy increases, suggesting that the second effect dominates over the first (Figure 7 ). This behavior underscores the effect of flexural rigidity on nanocarrier binding and is unaltered in the presence or absence of glycocalyx. The analogous effect of varying the bond-stiffness (Figure 6 ) on the multivalency and binding energy has a subtle but important difference. In this case, while an increase in bond stiffness leads similarly to an overall decrease in multivalency and increase in binding free energy, the proportion by which the multivalency decreases does not quantitatively translate into (and is greater than) the proportion by which the binding free energy increases. This difference suggests that for the case of bondstiffness, the analogous competing effects (1) and (2) are both important. This is a reflection of the fact that the role of strain energy associated with bond-stiffness in increasing the effective binding free energy is significantly greater than the corresponding role of the strain-energy due to flexure for the systems we have studied.
Even though we have focused on an equilibrium model and simulations, the model itself can as such be incorporated in a kinetic setting with minimal adjustments: for e.g., by replacing the Monte Carlo protocol by a Langevin dynamics protocol. Moreover, even though our study was focused on rigid spherical nanocarriers to make contact with the experiments of Muro et al.
14 using polystyrene nanospheres, there has appeared some very interesting recent data in the literature on the effect of nanocarrier size and shape 27, 28 and nanocarrier flexibility 28, 29 on binding properties. Extension of our model to treat rigid non-spherical nanocarriers is straightforward. However, including the effects of nanocarrier deformability in flexible carriers is more challenging. In this case, the choice of model integration would be dictated by the ratio of timescales: that associated with nanocarrier flexibility and that associated with the receptor-ligand binding reaction. This extension is also necessary for relaxing the assumption of the cell membrane surface as a planar rigid surface. In a live cell, membrane can undergoes undulations and a nanocarrier bound to live endothelial cell can additionally undergo endocytosis, which is preceded by membrane deformation and wrapping around the bound nanocarrier. Gao et. al. 30 have studied this problem in a model geometry (uniformly distributed antibodies and continuous density profile for antigens). As part of future work, we plan to combine our model discussed here along with a recent multiscale protocol 31 for membrane dynamics we developed in our laboratory in order to rigorously include the effects of membrane and carrier flexibility. Still, the simplified approach presented here, subject to the assumptions we have highlighted, qualifies as a predictive tool, and helps to provide a molecular resolution to the physico-chemical interactions and presents a unified molecular and energetic analyses of the nanocarrier binding process.
APPENDIX A1: FLEXURAL RIGIDITY OF ANTIGENS
The energy stored in a beam due to a constant moment acting on it is given by . Thus, the deflection of the free-tip is given by
. Substituting this result in the expression for the energy yields,
A2: FREE ENERGY CHANGE DUE TO GLYCOCALYX RESISTANCE
In this section, we represent a free nanocarrier as B, a free antigen on the cell as σ , and a bound nanocarrier as C. We can write the nanocarrier adhesion as a reaction (assuming each nanocarrier binds to one antigen only):
; k f and k r denote the respective rates.
In a flow chamber experiment, the concentration of unbound nanocarriers is a constant. We can also express σ in terms of:
− , where, max C is the maximum concentration of nanocarriers that can bind to the cell surface. Hence,
, with an initial condition of ( ) 0 0 C t = = . We can integrate this differential equation to get:
In the work of Mulivor 13 , B is specified in units of number of nanocarriers per mm 3 , while C is specified as number of nanocarriers adsorbed per 100 µm of venule. We take volume of 100 µm of the venule as our unitvolume. Diameter of each venule is 39.5 µm, and so the volume per 100 µm of venule is 1.2254×10 -4 mm 3 . Hence, the units for B we have adopted and their relationship to the convention of Mulivor et. al. is provided in 
After t=30 min, the glycocalyx is removed. We assume that the glycocalyx removal only changes (increases) the forward rate, f k , while, r k remains the same. By fitting the equations A2-1 and A2-2, we obtain
. This implies that the equilibrium constant in presence of glycocalyx is reduced by a factor of 500 relative to that in its absence, i.e., 
A3: FORCE SPECTROSCOPY
In force spectroscopy experiments, a constant/variable loading rate (force/time) is applied to the bonded antigenantibody, and the time (i.e. force) at which bond ruptures is recorded 19, 33 . This experiment is repeated number of times to give rupture force distribution at a given loading rate.
From Evans 18 , the probability of bond-rupture in a time interval (t, t dt + ) is given by:
The pre-factor represents the probability of dissociation in the next short interval of time, dt , whereas the exponential term represents the probability of the bond having survived up to time, t. We express
. We assume that on k is bond-length independent (since k on is often diffusion-based; this assumption is consistent with Bell 4 ). Hence, we obtain,
Consistent with the harmonic approximation of Bell,
− . Using this definition in the above equation, we can express
, and hence the probability as: provides an avenue to estimate the glycocalyx sprint constant k glyx reported in Table 1 . Antigen flexural rigidity 700 pN-nm 2 12 *Estimated based on the experimental data 
